In association with hepatitis B virus (HBV), hepatitis delta virus (HDV) is a subviral agent that may promote severe acute and chronic forms of liver disease. Based on the percentage of nucleotide identity of the genome, HDV was initially classified into three genotypes. However, since 2006, the original classification has been further expanded into eight clades/genotypes. The intergenotype divergence may be as high as 35%-40% over the entire RNA genome, whereas sequence heterogeneity among the isolates of a given genotype is <20%; furthermore, HDV recombinants have been clearly demonstrated. The genetic diversity of HDV is related to the geographic origin of the isolates. This study shows the first comprehensive bioinformatic analysis of the complete available set of HDV sequences, using both nucleotide and protein phylogenies (based on an evolutionary model selection, gamma distribution estimation, tree inference and phylogenetic distance estimation), protein composition analysis and comparison (based on the presence of invariant residues, molecular signatures, amino acid frequencies and mono-and di-amino acid compositional distances), as well as amino acid changes in sequence evolution. Taking into account the congruent and consistent results of both nucleotide and amino acid analyses of GenBank available sequences (recorded as of January, 2017), we propose that the eight hepatitis D virus genotypes may be grouped into three large genogroups fully supported by their shared characteristics.
| INTRODUC TI ON
Hepatitis delta virus (HDV) is a subviral agent that can lead to severe acute and chronic forms of liver disease in association with hepatitis
B virus (HBV).
1 Hepatitis delta virus (HDV) is endemic in many populations with a high prevalence of HBV, ranging from 60% among
Mongolian subjects 2 to >20% in Central Africa, Romania, Pakistan, Iran, in the mountainous region of Venezuela and Colombia, as well as in the Amazon Basin in South America. In addition, 3%-8% prevalence was recorded in some USA states. However, some evidence suggests that the prevalence of HDV does not proportionally correlate with that of HBV. [3] [4] [5] The hepatitis delta antigen (HDAg) is the only known functional protein of this virus and an internal component of HDV virion particles. Together with the viral RNA genome, HDAg constitutes the viral nucleocapsid. 6 The protein exhibits two distinct forms of dissimilar size: S-HDAg with 195 amino acids (24 kDa) and L-HDAg with 214 amino acids (27 kDa). These isoforms are identical, except for the [19] [20] additional amino acids at the C-terminus of L-HDAg. 7 The latter event is the result of the cellular editing activity of ADAR1 on the antigenomic RNA, which mutates the amber stop codon UAG to UGG, allowing the elongation and virus assembly (by L-HDAg), among others. [8] [9] [10] [11] Based on the percentage of nucleotide identity of the genome, HDV was initially classified into three genotypes, but since 2006, the original classification has been further expanded into eight clades/ genotypes. 12 The intergenotype divergence may be as high as 35%-40% over the entire RNA genome, whereas the sequence heterogeneity among the isolates of a given genotype is <20%. 5 The genetic diversity of HDV is related to the geographic origin of the isolates.
HDV1 is distributed worldwide but predominates in Europe and North
America; HDV2 is found in Japan, Taiwan and Russia; HDV3 is exclusively detected in the Amazonian region [13] [14] [15] ; HDV4 in Taiwan and Okinawa (Japan), whereas HDV5-8 predominate in Central and West Africa. 4, 5 Moreover, HDV recombinants appear to play an important role both in in vitro experiments as well as in natural infections. [16] [17] [18] Our study shows the first comprehensive bioinformatic analysis of the complete available set of HDV sequences. Based on the congruent and consistent results of both nucleotide and amino acid analyses of GenBank available sequences (recorded as of January, 2017), we propose that eight current hepatitis D virus genotypes may be grouped into three large Genogroups.
| MATERIAL S AND ME THODS

| Sequences
All nonredundant nucleotide sequences of complete genomes obtained from GenBank database (N = 213 sequences) and all amino acid sequences (N = 379 full-length S and L protein sequences) available in the UniProt database were analysed (recorded as of January, 2017). Different sub sets of sequences were used for the particular analyses throughout the work. After a first analysis, HDV sequences ascribed to any woodchuck isolate or identified in bibliography as putative recombinants were ruled out. Names, accession numbers and individual references of nucleotide and protein sequences used are summarized in Table S1 .
| Phylogeny
Phylogenetic and molecular evolutionary analyses were conducted using the MEGA v. 
| Evolutionary model selection
| Nucleotides
In the MEGA v. 6.0 software, maximum likelihood (ML) 23 was used to evaluate 24 dissimilar nucleotide substitution models, with the following set of parameters: Tree to be used = Automatic 
| Proteins
Maximum likelihood (ML) 23 
The original phylogeny tree was inferred in MEGA software using the NJ method with the following set of parameters: Bootstrap with 500 replicates, 24 
| Estimation of phylogenetic distances
| Nucleotides
Evolutionary distances were calculated pairwise using MEGA v. 
| Proteins
Evolutionary distances were calculated pairwise using the MEGA 
| Protein similarity analyses
A selected set of 281 nonredundant full-length S and L protein sequences was used for these analyses. Sequence identity and similarity studies were performed by an all-against-all strategy and by carrying out pairwise alignments with ClustalW2 software 27 using default parameters and Gonnet matrices for similarities. 28 Identity was calculated as the percentage of identical residues in the pairwise alignment, and similarity was calculated as the sum of identities plus similarities (strong plus weak) and expressed as a percentage.
Relative similarity profiles were calculated using the ClustalX 
| Protein composition analyses and comparison
| Invariant residues
For each group (groups 1, 2 and 3), multiple aligned S-HDAg and LHDAg amino acid sequences were separately processed in two parts to determine the invariant residues: firstly, the overlapped region and secondly, the C-terminal Large antigen domain. For each aligned region, only residues with a frequency of 1.0 were represented in the pseudoconsensus sequence; the remaining residues were named with an "x."
| Molecular signatures
For this particular analysis, all full-length S and L protein sequences (N = 379) were used. Blocks of specific sequences were determined based on protein multiple alignments of S and L proteins of each group. Molecular signatures are written employing the usual syntactic rules (PROSITE-like). 
| Amino acid frequencies
Amino acid frequencies were determined using an ad hoc program (Ghiringhelli, unpublished). Results were tabulated, and mean frequencies as well as standard deviation for each group were calculated.
| Mono-and di-amino acid compositional distances
Mono-and di-amino acid compositional distances were calculated in a similar way to that used to calculate the distance of dinucleotide frequencies. where δ diaa is the di-amino acid compositional distance, Q diaa x is the di-amino frequency (1, 2, …, 400) in the query species and R diaa x is the mean di-amino acid frequency id (1, 2, …, 400) in the reference group used.
| RE SULTS
| Phylogeny
The phylogenetic analyses of full-length HDV sequences available from GenBank as of January 2017 (Table S1) For this reason, additional characterizations at the amino acid level were carried out comparing the three large groups; called groups 1, 2 and 3 (G1, G2 and G3).
The evolutionary distance analyses for nucleotide and amino acid sequences were calculated for intragroup (G1, G2 and G3) and intergroup (G1 vs G2, G1 vs G3 and G2 vs G3) relationships and plotted as box plots. No significant differences were recorded when intragroup sequences were tested. In contrast, a significant distance was measured when intergroups were analysed, G1 vs G3 and G2 vs G3 exhibiting the highest values (Figure 2A,B) .
| Protein sequence similarity
As shown in Figure 3A , the S and L overlapped amino acid sequences Protein sequence similarity was analysed both within each group (G1, G2 and G3) and between groups (G1 vs G2, G1 vs G3
and G2 vs G3), showing a higher similarity between G1 and G2
( Figure 3B ).
| Compositional studies
Typically Intragroup amino acid composition is more homogeneous, either within G1 or within G3, as compared with G2. The intergroup analysis is somehow influenced by some bias inherent to each group.
For example, G1 exhibits as an average a lysine excess (39% higher than G2, and 16% higher than G3). On the other hand, G2 exhibits an arginine excess (28% higher than G1, and 14% higher than G3).
However, despite such differences, the theoretical average net charge keeps a constant value: +12.5. Even more strikingly, the bias in amino acid composition promotes dissimilar values in the average hydrophobicity profile inherent to each group: G1 = 1.66, G2 = 1.82
and G3 = 1.73 ( Figure 4A ).
A measure of the differences between pairs of protein sequences (from different viral isolates) is the mono-and di-amino acid compositional distances. Usually, the relationship among viral isolates is established only by sequence comparison. However, the comparison of mono-and di-amino acid compositional distances provides another measure of similarity that can be used. Mono-and di-amino acid compositional distances analysis clearly shows the high similarity of proteins in intragroup comparisons ( Figure 4B,C) .
| Protein sequence structure and conservation
The analysis of invariant residues of S-HDAg and L-HDAg showed 30 fully invariant amino acids, some of them placed either in the nuclear localization signal or in the arginine-rich motif ( Figure 5A ). Based on a deep analysis of global and individual (group-specific) multiple alignments, we observed two blocks of residues which constitute group-specific subregions (including fully conserved and variable positions). We proposed them as group-specific molecular signatures ( Figure 5B ). Both could be integrated in a sequence pattern that will permit to quickly assign new sequences obtained by massive parallel sequencing methods to the different groups ( Figure 5C ). Intragroup (G1, G2 and G3) and intergroup (G1 vs G2, G1 vs G3 and G2 vs G3) protein sequence similarity were analysed and drawn as box plots. Colour for each group is similar to that used in Figure 2 . Colour for intergroup combines the basic colours of both compared groups F I G U R E 2 Evolutionary distance analyses. Intragroup (G1, G2 and G3) and intergroup (G1 vs G2, G1 vs G3 and G2 vs G3) relationships were plotted as box plots. The boundary of the boxes closest to zero indicates the 25th percentile, the line within the box marks the median and the boundary of the box furthest from zero indicates the 75th percentile. Error bars above and below the box indicate the 90th and 10th percentiles, respectively. Circles indicate outlying points. Grey dashed lines indicate putative cut-offs. Colour for each group is similar to that used in figure 2 . Colour for intergroup combines the basic colours of both compared groups. A, Nucleic acids. Genetic distances between pair of genomes were calculated using the K 2-p model. B, Proteins. Genetic distances between pair of proteins were calculated using the JTT+G model
F I G U R E 1 Phylogenetic inferences of hepatitis delta virus (HDV)
.
| D ISCUSS I ON
Hepatitis D occurs worldwide, as around 5% of hepatitis B surface antigen (HBsAg) carriers in the world are infected by HDV as well. In this study, phylogenetic trees were performed using two methods: Neighbor-Joining (MEGA) and Bayesian inference (Mr. Bayes, CIPRES server) over nonredundant complete genome sequences.
To our knowledge, this is the first time that phylogenetic analysis of all full genome (deposited in the GenBank -until January, 2017)
was performed in such comprehensive manner. These analyses, regarding both full-length genome sequences and L-HDAg, rendered congruent results allowing us to propose the grouping of the eight current genotypes into three large groups (G1, G2 and G3; Figure 1 ).
Within the proposed groups 1 and 3, all sequences belong to the current homonymous genotypes 1 and 3. In contrast, the proposed group 2 encompasses HDV sequences (previously) ascribed to geno- and G3) and intergroup (G1 vs G2, G1 vs G3 and G2 vs G3) protein sequence similarity demonstrates a higher similarity between G1 and G2 ( Figure 3 ) and supports the hypothesis of a common ancestry.
F I G U R E 4
Compositional studies. A, Intragroup amino acid composition. Frequencies were calculated and drawn as box plots.
Residues with a significative composition bias are indicated with a red oval in the corresponding graph. B, Intra-and intergroup amino acid compositional distances. Relationships were calculated as indicated in the Material and Methods section and represented as box plots. C, Intra-and intergroup di-amino acid compositional distances. Relationships were calculated as indicated in the Material and Methods section and represented as box plots. In B and C graphs, colour for each group is similar to those used in Figure 2 , colour for intergroup combines the basic colours of both compared groups
When the amino acid composition of each group was analysed, the frequencies of each residue were calculated. Importantly, amino acids with a significant bias contribution were clearly observed: G, K, L and S for G1; D, H, R and T for G2 and A, P and Q for G3. In this regard, it is worth mentioning a higher frequency of R within G2, as compared to that observed with the remaining G1 and G3. The intra-and inter-group analysis of mono-and di-amino acid distances shows a greater internal homogeneity within and between G1 and G3, as compared to G2. Nevertheless, the distribution of mono-and di-amino acid minimal distances in intra-and inter-group analyses supports the hypothesis of three main groups or clades (Figure 4 ).
Additionally, it could be observed that several isolates, previously identified as belonging to either genotype 2, 4, 5, 6, 7 or 8, were
reported from the same geographical areas (Asia and Africa), reinforcing the notion that they could be grouped within the same group (G2).
Remarkably, 30 invariant amino acids are observed throughout the alignment from all three group-derived pseudoconsensus sequences. These invariant residues could be related to crucial structural and/or functional features. It is interesting to note that there are only five further invariant residues shared by G1 and G2, 23 shared by G2 and G3 and other 12 residues shared by G1 and G3 ( Figure 5A ). The aforementioned results-together with the fact that amino acid deletions appear to be specific for each proposed group-provide further support to the currently proposed three main branches within the phylogenetic tree. Although the abovementioned small number of invariant residues shared by G1 and G2
would appear to suggest unrelated branches, the reader should take into account that an invariant amino acid is shown in a given group pseudoconsensus sequence only when their whole set (100%) exhibits the same residue at such position. In addition, we determined group-specific molecular signatures ( Figure 5B Signature A corresponds to the shared portions of S and L proteins and comprise 11 residues for each group, whereas Signature B corresponds to the C-terminal region of L protein and comprises 18 residues for G1 and G2, and 19 residues for G3. C, L-HDAg sequence patterns. For each group, a specific L-HDAg sequence pattern is shown following the prosite-like syntactic rules
Previous studies suggested that HDV genotype 2 (according to the classic nomenclature) is associated with a less aggressive course of the disease, as compared to genotype 1, 37 a fact attributed to the lower packaging efficiency of G2 with respect to G1. 38 Moreover, a variation in packaging efficiency has been ob- 
